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Macroscopic Electric Field in a Material

Wefirst want to asktwo questions

AWhat is the relation in the material betweenthe dielectricpolarization
P andthe macroscopi@lectricfield Ein the Maxwellequations?

AWhat is the relation betweenthe dielectric polarizationand the local
electricfield which actsat the site of an atom in the lattice? Thelocal
field determinesthe dipole momentof the atom.

Maxwell Equations(in CGS) Polarization
ThepolarizationPis definedasthe

curl H = 4773 + % Fr (E + 47P) ; dipole moment per unit volume
o] = _1 9B averagedover the volumeof a cell

¢ ot ’ The total dipole moment is
divE = 4mp ; definedasp = 2q.r, . wherer,is

divB =0 ; the position vector of the charges.



Theelectricfield at a point r from a
dipole moment p is given by a

standard result of elementary y
electrostatics N :
E(r) = 3(p r): rp P J .
r E - psin@cos@
Thelinesof force of adipole pointing Georo D
along the z axis are shown in the -
right.

We define the macroscopi@lectricfield Hry) asthe averagefield over the
volumeof the crystalcellthat containsthe lattice point r:

E(r)) = Vi J dV e(r) , wheree(r) is the microscopic electric field at the
‘ pointr.
It is adequatefor all problemsin the electrodynamicsof crystalsprovided

that we knowthe connectionbetweenkE, the polarizationP, andthe current
density|, and providedthat the lengthsof interest are long in comparison
with the lattice spacing



By a famous theorem of electrostaticsthe macroscopicelectric field
causedby a uniform polarizationP is equalto the electricfield in vacuum
of a fictitious surfacechargedensity =z P on the surfaceof the body.
Here z is the unit normal to the surface, drawn outward from the
polarizedmatter.
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We add E to the externalappliedfield E, to obtain the total macroscopic

field Einsidethe slab,with znthe unit vector normalto the plane of the
slah E=E,+ E, =E, — 47P7

If the polarizationis uniform within the body, the only contributionsto the
macroscopidield Earefrom E,andE, .



Depolarization Field

Thefield E, is calledthe depolarizationfield,
for within the body it tends to opposethe
externalappliedfield &, asin the figure below.
If P, R, P, are the components of the
polarizationP referredto the principalaxesof
an ellipsoid, then the components of the
depolarizatiorfield arewritten

E,. = —N,P, ; Ely = _NyPy ; E.=—-NP,

HereN,, N,, N, are the depolarization

[T |

A uniform E;, will induce
uniform polarizationin an
ellipsoid

N

Asis (ccs) (s1)

factors their valuesdepend on the Sph::‘pe - - -

ratios of the principal axes of the Thin b ;fg;j}e " .

ellipsoid The NQare positive and s e o b

satisfythe sumrule N, + N, + N, = 4 '

in CGSandN,+N,+N,=1in Sl

We introduce thalielectric susceptibility such that polarization= xE |, then
E=E,+E =E,—NP:; P=yE ~NP): P=-—X_F

1+ Ny



Local Electric Field at an Atom

The value of the local electric field that acts at the site of an atom is
significantly different from the value of the macroscopicelectric field.
Considerthe field that actson the atom at the center of the sphere If all
dipolesare parallelto the z axisand have magnitudep, the z componentof
the field at the centerdueto all other dipolesis

=p2 =

3z —
Edipole 79 2 :

Thex,y, zdirectionsare equwalentbecausenf the symmetry thus

)

2 2 2
Ri Xi Yi _
2522;:2; R Whence Edipole_o'
Thelocalfield at an atom is the sum of the electricfield E, from external
sourcesand of the field from the dipoles within the specimen It is

convenientto decomposethe dipole field so that part of the summation
overdipolesmaybe replacedby integration Then,

Elocal EO + El + E2 + E3




- surface of
spherical

outer
boundary

E; from dipoles
inside sphere
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ElocaIZEO+E1+E2+E3 E1+E2+E3:2

1

E, =field produced by fixed charges external to the body;

E, =depolarization field, from a surface charge densityP on the outer
surface of the specimen;

E, =Lorentz cavity field: field from polarization charges on inside of a
spherical cavity cut (as a mathematical fiction) out of the specimen
with the reference atom as cente +E is the field due to uniform
polarization of the body in which a hole has been created,;

E =field of atoms inside cavity.

The contributiornEl + B2 + E3 to the local field is the total field at one atom
caused by the dipole moments of all the other atoms in the specimen.



Lorentz Cavity Field

Thefield E,due to the polarizationchargeson the surfaceof the fictitious
cavity was calculatedby Lorentz If —is the polar angle referred to the
polarization direction, the surface charge density on the surfaceof the
cavityis bP cos—Theelectricfield at the center of the sphericalcavity of
radiusais

E, = Jw(a_2)(27m sin 0)(a dO)(P cos 6)( cos 6) = %TP
0

The field & due to the dipoles within the
sphericalcavity is the only term that depends
on the crystal structure. For a referencesite
with cubicsurroundinggn a spherethat E5=0
If all the atoms may be replaced by point

Qipoles paralllel .to _each other. Theto4ta| local ) Charge on ring =
field atacubicsiteis, Eg.=E,+ E + T P=E+P 2 a5in—ad—Pcos—

Thisis the Lorentzrelation the field actingat anatom in a cubicsite is the
macroscopidield Eplus4“ P/ 3 from the polarizationof the other atomsin
the specimen



Dielectric Constant and Polarizability

Thedielectricconstant of anisotropicor cubicmediumrelativeto vacuumis
definedin termsof the macroscopidield E

and

Thepolarizabilityh of anatom is definedin terms of the localelectricfield at
the atom: , Where p is the dipole moment The polarizabilityis an

atomic property, but the dielectric constantwill dependon the mannerin
whichthe atomsare assembledo form a crystal Therelation of the dielectric
constant to the polarizabilities depends on the relation between the
macroscopicelectricfield and the local electricfield. If the localfield is given

by the Lorentzrelation, then the polarizationof a crystal may be expressed
approximatelyas
, and

where N, is the concentrationandh; the polarizabilityof atoms;j.

Since = ClausiusMossottirelation



